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We report on scanning tunneling microscopy and spectroscopy of grain boundaries in highly
oriented pyrolytic graphite. Grain boundaries showed a periodic structure and an enhanced charge
density compared to the bare graphite surface. Two possible periodic structures have been observed
along grain boundaries. A geometrical model producing periodically distributed point defects on the
basal plane of graphite has been proposed to explain the structure of grain boundaries. Scanning
tunneling spectroscopy on grain boundaries revealed two strong localized states at -0.3 V and 0.4 V.
PACS numbers: 71.55.Ak, 73.20.At, 73.43.Jn
I. INTRODUCTION
Understanding the defect structures and their role on
the electronic structure of graphite is a keystone for car-
bon nanostructures and carbon materials in general. De-
fects are inevitable constituents of graphite which have
profound influence on its electrical, chemical and other
physical properties. Recently, graphene (single layer of
graphite) and few-layer graphene showed a number of
unconventional properties [1, 2, 3] and it seems to be of
great importance to understand the influence of defects
in this material for possible future applications.
Although graphite is one of the most extensively stud-
ied materials there are still new phenomena observed on
the graphite surface with scanning tunneling microscope
(STM), which are not well understood [4, 5]. In partic-
ular, defect structures in the sp2 bonded carbon lattice
have many representations [6, 7] and have not been well
characterized experimentally yet.
Grain boundaries are one of the most commonly oc-
curring extended defects in highly oriented pyrolytic
graphite (HOPG) because of its polycrystalline charac-
ter. Observations of grain boundaries have been reported
on the graphite surface with STM before [8, 9, 10, 11] and
recently also on few graphene layers grown on C-face of
SiC [12]. Periodic structures [9, 10, 11, 12] and disordered
regions [8] have been observed along grain boundaries.
For a large angle tilt grain boundary evidence of possi-
ble presence of pentagon-heptagon pairs was shown [10].
Although the structure of various grain boundaries in
graphite has been examined with STM, there have not
been established a proper model, which can explain all
the observed grain boundaries. Moreover, the electronic
structure of grain boundaries has not been investigated
so far.
Point defects and extended defects in graphene and
graphite have been studied theoretically previously [13,
15, 18]. In general defects in the carbon honeycomb lat-
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tice break the electron-hole symmetry, which leads to for-
mation of localized states at the Fermi energy [16, 17].
In the absence of electron-hole symmetry, these states
induce a transfer of charge between the defects and the
bulk [16]. Additionally, it has been shown that point de-
fects such as vacancies and hydrogen-terminated vacan-
cies could be magnetic [17, 18, 19, 20, 21, 22], showing
that electron-electron interactions play an important role
in graphene systems because of low electron densities at
the Fermi energy. These defects could be of the essential
origin of ferromagnetism observed in different graphite
samples [23, 24].
In this paper, we report on an experimental study
of grain boundaries in HOPG. Systematic investigation
of grain boundaries in graphite has been performed by
atomic force microscopy (AFM), scanning tunneling mi-
croscopy (STM) and spectroscopy (STS). Grain bound-
aries showed one-dimensional (1D) superlattices with lo-
calized states and enhanced charge density compared
to the bare graphite surface. A crystallographic model
producing periodically distributed point defects is intro-
duced to reproduce the observed grain boundaries.
II. EXPERIMENTAL
Samples of HOPG of ZYH quality were purchased from
NT-MDT. The ZYH quality of HOPG with the mosaic
spread 3.5◦ - 5◦ has been chosen because it provides
a high population of grain boundaries on the graphite
surface. HOPG samples were cleaved by an adhesive
tape in air and transferred into a scanning tunneling mi-
croscope (Omicron RT and LT STM) working under ul-
tra high vacuum (UHV) condition. The HOPG samples
have been heated to 500◦C in UHV before the STM ex-
periments. STM measurements were performed in the
constant current mode with either mechanically formed
Pt/Ir tips or electrochemically etched W tips. STS spec-
tra have been obtained by using lock-in amplifier tech-
nique. The same samples have been subsequently stud-
ied by atomic force microscopy (AFM) using Multimode
scanning probe microscope with Nanoscope IV controller
from Veeco Instruments in air.
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2FIG. 1: (Color online) (a) AFM image of the HOPG surface
with a grain boundary indicated by arrows (3.5 × 3.5 µm2).
(b) STM image of a grain boundary continuing as a step edge
(105× 105 nm2, U = −0.5 V, I = 0.5 nA). (c) STM image of
a grain boundary extending over a step edge (186× 186 nm2,
U = −0.3 V, I = 0.3 nA). (d) STM on grain boundaries
bordering a 2D superlattice (60 × 60 nm2, U = −0.4 V,
I = 0.4 nA).
III. RESULTS AND DISCUSSIONS
A. Structural properties of grain boundaries
Figure 1 shows typical examples of grain boundaries
observed on the HOPG surface with AFM and STM. In
AFM, grain boundaries appear as lines protruding above
a graphite surface by a small height up to 0.3 nm. On
the other hand in STM, grain boundaries show a peri-
odic one-dimensional superlattice with height corruga-
tions from 0.4 nm up to 1.5 nm, which are almost inde-
pendent on the applied bias voltage. Since grain bound-
aries have much smaller height in AFM and the measured
corrugation in STM is given by convolution of the topog-
raphy and the local density of states (DOS) of the sub-
strate, grain boundaries possess enhanced charge density
compared to the bare graphite surface. Similar effects of
charge accumulation have been observed on defects ar-
tificially created by low-energy ions on the graphite sur-
face [6]. STM images of ion bombarded surfaces showed
defects as hillocks, which did not originate from geomet-
ric protrusions of a surface as confirmed by AFM but
from an increase in DOS near the Fermi energy level [6].
Grain boundaries form an continuous network over
graphite surface. They interconnect each other as can be
seen in figures 1(a) and 1(d). AFM and STM images dis-
play only the surface signatures of grain boundaries prop-
FIG. 2: (Color online) (a) STM image of a grain boundary
containing two periodicities D1 = 2.18 nm and D2 = 3.83 nm.
(b) Cross section over the grain boundary in figure (a)
along the polyline ABC. Scanning parameters: 50× 50 nm2,
U = 1 V, I = 0.1 nA.
agating through bulk HOPG crystals. This is demon-
strated in figures 1(a) and 1(c), where grain boundaries
overrun step edges of an arbitrary height without alter-
ing their direction, periodicity and corrugation. During
the cleavage of the HOPG substrate, grain boundaries
pose as weak points, therefore step edges are created out
of them on a new formed graphite surface. Figure 1(b)
displays a grain boundary at the bottom left part of the
image, which transforms itself into a step edge in the right
part of the image. Region I is separated by a monoatomic
step (0.35 nm height) from region II and by a double step
(0.7 nm height) from region III.
Grain boundaries set bounds to so called 2D superlat-
tices, which are frequently observed on graphite surfaces
in STM [4]. Two examples of 2D superattices enclosed by
grain boundaries are shown in figures 1(c) and 1(d). The
most accepted origin of 2D superlattices discussed in the
literature is a rotation of the topmost graphite layer with
respect to the other layers, which produces Moire´ pat-
tern [4]. Although Moire´ pattern can not explain all the
superlattices reported in literature [4] because it does not
take into account the interaction between the graphene
layers. Nevertheless, it has been in good agreement with
all periodicities of 2D superlattices observed in our STM
measurements.
One of the most intriguing properties of grain bound-
aries is their well defined 1D superlattice periodicity. We
have analyzed various grain boundaries on HOPG sur-
faces. Their superlattice periodicities have been found
in the range from 0.5 nm to 10 nm. In principle, two
periodicities are observed within a grain boundary as it
is demonstrated in figure 2(a). The second periodicity
occurs as the direction of a grain boundary changes by
30◦ or 90◦. Figure 2(b) represents a cross section over
the top of the grain boundary from figure 2(a) going over
a polyline ABC with a 30◦ bend in the point B. The peri-
odicity along the line AB is D1 = 2.18 nm with a height
corrugation 0.6 nm and the periodicity along the line BC
is D2 = 3.83 nm with a height corrugation of 0.9 nm.
The value of the periodicity D2 is approximately
√
3D1,
3which will be used as a notation for the second superlat-
tice periodicity later in the text.
In figure 3, atomically resolved current STM images
of three different grain boundaries and their fast fourier
transformation (FFT) images are shown. The grain
boundaries exhibit 1D superlattices with periodicities
D = 1.25 nm in figure 3(a),
√
3D = 1.4 nm in fig-
ure 3(c) and
√
3D = 0.83 nm in figure 3(e). It is apparent
from these images that grain boundaries in graphite are
tilt grain boundaries, which are produced between two
rotated graphite grains. No preferential orientation of
grains have been found in our measurements. Angles be-
tween grains have been determined to be in the interval
from 1◦ to 29.5◦. Graphite grains are rotated by angles
12◦, 18◦ and 29.5◦ in figures 3(a), 3(c) and 3(e), respec-
tively. The rotation of the graphite grains can be seen
as well in the FFT images in figures 3(b), 3(d) and 3(f),
where points labeled as A and AR are forming apexes of
two rotated hexagons representing the graphite lattices
in the reciprocal space. Six points marked as B demon-
strate
√
3×√3R30◦ superstructure, which has been ob-
served around point defects and step edges of graphite
previously [13, 14]. The
√
3×√3R30◦ superstructure is
produced by scattering of the free electrons off defects,
which generates standing wave patterns in the electron
density similar to Friedel oscillations in metals [13]. The
center part of the FFT image marked as C represents the
large real space periodicities of the 1D superlattices.
The structure of the grain boundaries can be explained
by a simple model, where the superlattice periodicity is
determined only by two parameters: α the angle between
the grains and β the orientation of a grain boundary in
respect to the graphite lattice. The orientation toward
the graphite lattice can be either βD = 30◦ ± α/2 or
β√3D = ±α/2. The sign depends on the chosen reference
direction of the graphite lattice. Two superlattice period-
icities could be constructed: D1 = D for βD orientation
and D2 =
√
3D for β√3D orientation. The supperlattice
periodicity D is given by a simple formula for a Moire´
pattern D = d/2sin(α/2), where d = 0.246 nm is the
graphite lattice parameter.
In figure 4, schematic illustrations of the crystallo-
graphical structures of two possible orientations of grain
boundaries are shown. Periodically distributed point de-
fects are created in this way. They are separated by
supperlattice periodicities D in figure 4(a) and
√
3D in
figure 4(b). The periodicities of the grain boundaries
and angles between the graphite grains have been cho-
sen according to STM observations in figures 3(a) and
3(b). The combination of these two models within a
grain boundary describes well all the possible internal
structures and orientations of grain boundaries observed
on the graphite surfaces. In addition, grain boundaries
with a large angle tilt such as shown in figure 3(e) would
produce row of defects, which are resembling a structure
with repeating pentagon-heptagon pairs similarly as was
proposed by Simonis et al. [10].
Grain boundaries have two basic shapes similarly like
FIG. 3: (Color online) Current STM images of three differ-
ent grain boundaries on HOPG (a), (c) and (e), and their
corresponding FFT images (b), (d) and (f), respectively.
Grain boundaries show 1D superlattices with periodicities
D = 1.25 nm (a),
√
3D = 1.4 nm (c) and
√
3D = 0.83 nm
(e). The angle between two graphite grains is α = 12◦ (a),
α = 18◦ (c) and α = 29.5◦ (e) and the angle between the grain
boundary and the graphite lattice is β = 25◦ (a), β√3D = 9
◦
(c) and β√3D = 13.5
◦ (e). Scanning parameters: 10×10 nm2,
U = 0.5 V, It = 0.3 nA.
graphite edges, which are rotated by 30◦ towards each
other. The orientation βD in figure 3(a) has an armchair
character at the axis of the grain boundary, while the
β√3D orientation in figure 3(b) has a zigzag character. As
it was mentioned before, grain boundaries are weak spots
of graphite lattice, therefore step edges are produced out
of them during the cleavage. If an edge would be cre-
ated from the grain boundary by cutting it into half, the
edges would have segments of zigzag or armchair edge of
the maximum length as the superlattice periodicity D or√
3D. Previous STM studies of step edges on graphite
have found a short length of zigzag edges (up to 2 nm)
alternated by armchair segments, while the energetically
more stable armchair edges had lengths up to hundred
4FIG. 4: Schematic pictures of grain boundaries in graphite
showing two possible superlattice periodicitiesD (a) and
√
3D
(b). Periodicities within the grain boundaries and angles be-
tween the graphite grains have been chosen according to STM
observations in figure 3: α = 12◦, D = 1.18 nm (a) and
α = 18◦,
√
3D = 1.36 nm (b).
nanometers [25]. The observed periodicities of the grain
boundaries have been found in the same range between
0.5 to 10 nm. This could indicate that short alternat-
ing zigzag and armchair edges are created out of grain
boundaries.
B. Electronic properties of grain boundaries
Scanning tunneling spectroscopy has been measured on
grain boundaries and on a clean graphite surface for com-
parison. In figure 5, two dI/dV spectra measured on the
top of a grain boundary and on the clean graphite surface
are shown. STS curve measured on the top of the grain
boundaries with the superlattice periodicity D = 2.6 nm
exhibits two strong localized states, which are not seen on
the clean graphite surface. The positions of the localized
states are -0.3 V and 0.4 V.
Various point defects in graphene and graphite have
been studied theoretically before [13, 15, 16, 17, 18, 19,
20]. In general, by introducing a defect in the carbon
honeycomb lattice the electron-hole symmetry is broken,
which leads to creation of localized state at the Fermi
energy and to the phenomenon of self-doping [16, 17].
The self-doping denotes charge transfer to/from defects
to the bulk, which is in accordance with an increased
charge DOS at the grain boundaries as was mentioned
before.
Since graphene systems have low electron densities at
the Fermi energy, electron-electron interactions play an
important role as recent experiments showed [26]. In the
presence of a local repulsive electron-electron interaction
the localized states will become polarized, leading to the
formation of local moments [17]. This has been illus-
trated in DFT studies of point defects in graphite such
as vacancies and hydrogen-terminated vacancies. These
defects revealed to be magnetic having a local magnetic
moment larger than 1µB [18, 19]. Spin polarized DOS
of these systems showed two strongly spin polarized im-
purity states in the empty and filled states [19, 20]. The
role of different distances between single vacancies has
been studied in the DFT study of an 3D array of sin-
gle vacancies in graphite [22]. Different sizes of super-
cells containing single vacancies have been constructed
for this purpose. Two spin polarized states have been
formed for small supercells, supporting ferrimagnetic or-
der up to the distance 1 nm among the vacancies [22].
The 5×5×1 supercell (1.23 nm separated vacancies) did
not show a net magnetic moment in graphite and a single
localized peak around Fermi energy has been observed in
spin polarized LDOS. In graphene, the 5×5 supercell ex-
hibited still a net magnetic moment of 1.72µB [22]. Our
results show very similar results compared to the theo-
retical predictions of Faccio et al. [22], where two split
localized states are created. Nevertheless, it cannot be
concluded only from STM and STS measurements that
grain boundaries are magnetic and other technique like
spin polarized STM has to be done in order to prove it.
Another origin of two split localized states in the grain
boundaries could be the internal structure of point de-
fects within grain boundaries. Point defects in graphite
can exist in several forms, such as single and multiple va-
cancies, intersticials, Stone Wales defects and other more
complicated point defects. All of them can essentially oc-
cur in grain boundaries. Moreover, they can be saturated
by different atoms like hydrogen, oxygen or nitrogen. Us-
ing only STM, it does not allow us to extract the exact
atomic structure of defects. Nevertheless, the structure
of defects is reflected in the shape and the symmetry of
the charge modulation around the defects as it has been
shown in a theoretical study of a single atomic and double
atomic defects in graphene [20]. The single atomic de-
fect resulted in a simple trigonal symmetry in the charge
modulation around the defect, while double atomic de-
FIG. 5: dI/dV curves measured on a grain boundary (GB)
with D = 2.6 nm and on the bare graphite surface at room
temperature (U = −0.5 V, I = 0.5 nA). Two localized states
at -0.3 V and 0.4 V are observed on the grain boundary.
5fect demonstrated two fold symmetry. From this point of
view, grain boundaries contain more complicated point
defects as seen in figure 3. In order to discern between
the two proposed possibilities for diverse DOS of grain
boundaries an appropriate calculation has to be done,
which is going to be difficult especially for grain bound-
aries with large periodicities.
IV. CONCLUSIONS
In conclusion, a systematic scanning tunneling mi-
croscopy and spectroscopy study of grain boundaries in
highly oriented pyrolytic graphite have been done. Dif-
ferent grain boundary geometries have been character-
ized with a focus on their electronic structure. Grain
boundaries showed a periodic structure and an enhanced
charge density compared to the bare graphite surface.
Two possible periodic structures has been observed along
grain boundaries. A geometrical model producing peri-
odically distributed point defects on the basal plane of
graphite has been proposed to explain the structure of
grain boundaries. Scanning tunneling spectroscopy on
grain boundaries revealed two strong localized states at
-0.3 V and 0.4 V.
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